Background-Tropomyosin (TM), an essential actin-binding protein, is central to the control of calcium-regulated striated muscle contraction. Although TPM1␣ (also called ␣-TM) is the predominant TM isoform in human hearts, the precise TM isoform composition remains unclear. Methods and Results-In this study, we quantified for the first time the levels of striated muscle TM isoforms in human heart, including a novel isoform called TPM1. By developing a TPM1-specific antibody, we found that the TPM1 protein is expressed and incorporated into organized myofibrils in hearts and that its level is increased in human dilated cardiomyopathy and heart failure. To investigate the role of TPM1 in sarcomeric function, we generated transgenic mice overexpressing cardiac-specific TPM1. Incorporation of increased levels of TPM1 protein in myofilaments leads to dilated cardiomyopathy. Physiological alterations include decreased fractional shortening, systolic and diastolic dysfunction, and decreased myofilament calcium sensitivity with no change in maximum developed tension. Additional biophysical studies demonstrate less structural stability and weaker actin-binding affinity of TPM1 compared with TPM1␣. Conclusions-This functional analysis of TPM1 provides a possible mechanism for the consequences of the TM isoform switch observed in dilated cardiomyopathy and heart failure patients. (Circulation. 2010;121:410-418.)
T
he heart adapts to different challenges presented by an array of mechanical, hormonal, and nutritional signals in the process of maintaining its circulatory function. Isoform switching of sarcomeric proteins is 1 mode the heart uses to adapt to those challenges, along with alterations in the relative abundance and phosphorylation status of contractile and regulatory proteins. 1 These changes in isoform expression and phosphorylation status also play an essential role during cardiac development and in response to cardiac hypertrophy and heart failure (HF). Although sarcomeric protein isoforms are subject to developmental regulation, cardiomyopathy and HF primarily elicit changes in thick filament protein isoforms. 2 The only thin filament protein to change isoform expression in the failing human heart is troponin T. 3, 4 Furthermore, altered phosphorylation of troponin I, myosin binding protein C, and other sarcomeric proteins has dramatic effects on cardiac function in the failing human myocardium. 5 
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To understand the specific role of another thin filament protein, tropomyosin (TM), in the normal and the pathological heart, it is essential to define the TM isoform expression profile. Tropomyosins comprise a family of actin-binding proteins encoded by 4 different genes (TPM1, TPM2, TPM3, and TPM4). Each gene uses alternative splicing, alternative promoters, and differential processing to encode multiple striated muscle, smooth muscle, and cytoskeletal transcripts. For example, the TPM1 gene uses 15 exons to encode at least 9 distinct isoforms. 6, 7 There are 3 primary striated muscle TM isoforms, ␣-TM, ␤-TM, and ␥-TM, which are products of the TPM1, TPM2, and TPM3 genes, respectively. These isoforms are highly homologous yet exhibit unique physiological properties. 8, 9 Recently, a novel striated muscle isoform of the TPM1 gene was identified in human cardiac tissue. 10 This isoform contains an exon pattern similar to striated muscle TPM1␣ mRNA (also called ␣-TM) except for the substitution of the smooth muscle-specific exon 2a for 2b. This TM isoform is designated TPM1. 10 Our quantification results of human cardiac RNA reveals that Ϸ50% of the striated muscle TPM1 mRNA is TPM1, with the remainder being TPM1␣. Although TPM1 mRNA has been identified, TPM1 protein expression in human hearts has previously not been confirmed. To address this, we developed a TPM1-specific antibody and quantified protein levels in the hearts of normal patients and cardiomyopathy patients. We report here for the first time the TM protein composition in adult human hearts and determine that TPM1 protein is expressed and incorporated into cardiac myofibrils. Interestingly, TPM1 protein levels are differentially regulated so that cardiomyopathy patients with end-stage HF exhibit increased expression.
TMs are central to the control of calcium-regulated thin filament function and striated muscle contraction. To investigate the role of TPM1 in sarcomeric function, we generated transgenic (Tg) mice overexpressing TPM1 in the hearts. Results show that incorporation of TPM1 protein in myofilaments leads to dilated cardiomyopathy (DCM). Physiological changes include decreased fractional shortening of the left ventricle, systolic and diastolic dysfunction, decreased myofilament calcium sensitivity, and weaker actinbinding affinity. Our Tg mouse studies and in vitro biophysical results demonstrate significant functional and structural differences between TPM1 and TPM1␣ that provide a possible mechanism for the consequences of the TM isoform switch that is observed in DCM and HF patients.
Methods
An expanded Methods section is available in the online-only Data Supplement.
Study Subjects and Human Samples
This study was performed in accordance with the Declaration of Helsinki as adopted and promulgated by the US National Institutes of Health and with the rules and regulations of the University of Cincinnati's Institutional Ethics Committee. The study group consisted of hearts excised from patients undergoing cardiac transplantation at the University of Cincinnati and human cardiac protein samples from previously published work. 11 The clinical data of the HF patients are presented in Table I of the online-only Data Supplement. Three healthy hearts procured from brain-dead patients/ organ donors with no history of cardiac disease served as controls. Normal human RNAs from adult and fetal cardiac and skeletal muscle, uterus, and lung were procured from commercial sources (Stratagene, La Jolla, Calif).
Generation of TPM1 Tg Mice
Tg mice (FVB/N background) were generated with a cDNAencoding human TPM1 cloned into the cardiac-specific ␣-myosin heavy-chain (␣-MHC) expression vector. 12 Animal experiments were approved by the University of Cincinnati's Institutional Animal Care and Use Committee.
Cardiac Function
Cardiac performance of the Tg mice was assessed by physiological studies, including echocardiography, isolated anterograde perfused heart model, and skinned fiber preparations, which are described in the online-only Data Supplement. 
Statistical Analysis
All values are presented as meanϮSD unless otherwise mentioned. Protein data were analyzed with the Wilcoxon rank-sum test. The isoproterenol response data and NEM-S1 data were analyzed using the Kruskal-Wallis test with post hoc analysis using the Wilcoxon rank sum test after adjustment of the level of significance. In addition, the NEM-S1 data were examined with a repeated-measures ANOVA with Bonferroni post hoc analysis with a significance of PϽ0.05.
Results

Expression Profile of TPM1␣ and TPM1 in Human Hearts
Although the expression of TPM1 mRNA was identified in the human heart, 10 the relative levels of TPM1 and TPM1␣ transcripts are unknown. To quantify TM transcript levels in human hearts, we conducted quantitative reverse-transcription polymerase chain reaction using striated muscle TM isoformspecific primers. Results show that the TPM1␣ and TPM1 isoforms are expressed in equal amounts (Ϸ50% each) in both fetal and adult hearts ( Figure 1A ). Interestingly, both isoform levels increase in adult hearts by 3.1-fold compared with fetal hearts and normalized to GAPDH expression. Further analysis shows that TPM1 is expressed only in human cardiac muscle, not in skeletal muscle, uterus, or lung (data not shown). Additional quantitative reverse-transcription polymerase chain reaction results show that ␤-TM is expressed at equivalent levels in fetal and adult human hearts but that ␥-TM is expressed at a Ϸ30-fold increase in adult compared with fetal myocardium (data not shown).
To determine TM protein composition in human hearts, we conducted Western blot analyses using a striated musclespecific TM antibody. Results reveal the ratio of TM isoforms in the adult human heart: TPM1␣, 90% to 94%; TPM1, 3% to 5%; and ␤-TM, 3% to 5% ( Figure 1B and 1C) . Additional experiments show no expression of ␥-TM protein in the adult human heart (data not shown). Interestingly, although TPM1 and TPM1␣ mRNAs are expressed in equivalent amounts, 90% to 94% of the total translated TM is the TPM1␣ isoform, with the remaining being TPM1 and ␤-TM.
To distinguish the TPM1 protein from other TM isoforms, we developed an isoform-specific antibody with an epitope that resides in the exon 2a sequence that is encoded within TPM1 but not in TPM1␣ protein. We used this antibody to quantify TPM1 protein levels in hearts from several normal, DCM, and HF patients. The TPM1 protein levels from human left ventricular free walls were normalized to tubulin or actin and quantified ( Figure 1D through 1G) . Results show that TPM1 is expressed in normal patients and that these levels are increased in DCM and HF patients. Both control and patient samples show minimal reactivity to a smooth muscle TM antibody, thereby verifying the specificity of the TPM1 antibody ( Figure 1F ). These results demonstrate the differential expression of TPM1 protein in DCM and HF patients. We also observe a tendency of downregulation of ␤-TM levels in those patients (data not shown), but because of the unavailability of a ␤-TM-specific antibody, we are unable to quantify the exact level of change. Furthermore, the levels of TPM1␣ protein are so high in the heart that subtle changes in TM levels are not easily quantified. It should be noted that the relative migratory positions of ␤-TM and TPM1 proteins can vary, depending on gel composition ( Figure I of the online-only Data Supplement).
TPM1 Tg Mouse Hearts Autoregulate TM Isoform Expression
To elucidate relations between sarcomeric TM isoforms and contractile behavior in striated muscle, we developed a Tg mouse model to overexpress the TPM1 isoform in the heart. The transgene construct was generated by ligating the human TPM1 cDNA (containing the entire amino acid-coding region and the 3Ј untranslated region) into the murine ␣-MHC cardiac-specific expression vector. There is 100% amino acid conservation between mouse and human TPM1␣, as well as exon 2a sequence. Three independent Tg mouse lines (lines 72, 77, and 80) were established that express varied levels of TPM1 protein in the heart (90%, 32%, and 51%, respectively, of TPM1/total TM normalized to actin; Figure 2A and 2B). The expression of TPM1 is coupled with a concomitant downregulation of endogenous TPM1␣, with total TM levels remaining unchanged. Tg lines 72 and 80 were used for further functional analyses. Interestingly, unlike human hearts, wild-type mouse hearts do not express TPM1. We confirm this in various mouse strains, including FVB/N, black Swiss, C57-BL/6, and BALB/c (data not shown). Immunohistological analysis of the Tg hearts using Figure 1 . TPM1 expression in human hearts. A, Real-time reverse-transcription polymerase chain reaction quantification of the TPM1␣ and TPM1 mRNAs in normal fetal and adult hearts. B, TM protein profile in the normal adult human heart analyzed by Western blotting using striated muscle TM-specific antibody. C, Migration of TM isoforms and TM antibody specificity. D and E, TPM1 expression and quantification in cardiac total protein lysate from DCM patients using anti-TPM1 and anti-tubulin antibodies. F and G, TPM1 protein expression and quantification in cardiac myofibrillar preparations from normal and heart failure patients using anti-TPM1 and antismooth muscle TM (Sm TM) antibodies. *PϽ0.02, normal vs end-stage HF patients; **PϽ0.01, normal vs DCM. Ab indicates antibody; Mab, monoclonal antibody.
the anti-TPM1 antibody reveals incorporation of the TPM1 protein into organized myofibrillar bundles, which is absent in non-Tg (Ntg) mouse hearts ( Figure 2C ). The epitope of TPM1 against which the antibody was raised is also found in smooth muscle TM; because of antibody cross-reactivity, there is a positive reaction in vascular smooth muscle regions of Ntg hearts, which is more prominent in mouse lung sections ( Figure 2C ).
TPM1 Mice Exhibit Altered Cardiac Morphology and Function
None of the founder TPM1 mice or their progeny demonstrate any differences in percentage heart-weight-to-bodyweight ratio or reduced viability compared with Ntg controls. Histological analysis of hearts from 3-, 6-, and 12-month-old Tg mice reveals no detectable changes in gross chamber morphology, interstitial fibrosis, or myocyte disarray compared with age-and sex-matched Ntg littermates (data not shown); however, echocardiographic analyses show that the TPM1 mice have increased end-systolic and end-diastolic left ventricular dimensions ( Figure 2D , and Table II of the online-only Data Supplement).
To obtain a better understanding of the physiological significance of TPM1 protein in the regulation of cardiac contractility, we implemented echocardiography, the workperforming heart model, and skinned fiber preparations. In vivo physiological assessment of cardiac function in young (2 months) and adult (5 months) mice using Doppler echocardiographic analyses demonstrated a progressive decrease in fractional shortening and ejection fraction (Table I of the online-only Data Supplement). Stroke volume and cardiac output were maintained at the expense of an increased end-diastolic volume. To test whether impairment of cardiac function could be reversed by stimulation of ␤-adrenergic receptors, we subjected the hearts to dobutamine, a positive inotropic agent ( Figure 2D ). Results show the Tg hearts responded appropriately to dobutamine but maintained their inherent physiological impairment (Table III of To assess cardiac function ex vivo, we implemented the work-performing heart model in the absence of hormonal stimulation and under controlled loading conditions. Studies show that overexpression of wild-type TPM1␣ in Tg mouse hearts does not lead to alterations in morphology or physiological performance of the heart. [13] [14] [15] As summarized in Table  IV of the online-only Data Supplement, the TPM1 Tg hearts show decreased baseline contraction (dP/dt) and relaxation (ϪdP/dt). The magnitude of impairment was greater for line 72 compared with 80, consistent with higher levels of transgene expression. Heart rates were unaltered in either line compared with Ntg. An increased time-to-peak pressure in both lines and half-time to relaxation in line 72 were observed, consistent with systolic and diastolic dysfunction.
Because there is systolic and diastolic dysfunction, we determined how hearts from the TPM1 mice would respond to acute functional stress induced by stimulation of the ␤-adrenergic cardiostimulatory pathway. The reduced contractile and lusitropic performance by TPM1 Tg hearts was assessed during stimulation with isoproterenol, a ␤-adrenergic agonist that augments muscle contraction and relaxation by increasing the rate of Ca 2ϩ cycling. Although Tg hearts show an isoproterenol dose response, they are unable to reach control levels of contraction or relaxation ( Figure 3 ). Thus, in isolated heart preparations, the cumulative dose response to isoproterenol of both contractile (dP/dt, time to peak pressure) and relaxation (ϪdP/dt, half-time to relaxation) parameters is similar in the Tg and Ntg hearts even though functional differences remain. These results show that although TPM1 mice demonstrate significantly impaired indicators of contractility at basal loading conditions, this magnitude of hemodynamic impairment is not sufficient to provoke compensatory chronic activation of sympathetic drive and desensitization of ␤-adrenergic signal transduction mechanisms.
TPM1 Mice Exhibit a Decreased Myofilament Ca 2؉ Sensitivity
We compared the tension-PCA relation of myofilaments from Ntg and Tg hearts (line 72). Results ( Figure 4A) To assess cooperative activation of the myofilaments, we used NEM-S1 to mimic the effect of strong crossbridge binding. NEM-S1 is known to probe cooperative processes and to enhance endogenous crossbridge cycling. 16 In the presence of NEM-S1, no change in maximum developed tension was observed between the 2 groups (Ntg: Fmaxϭ29.35Ϯ0.75 mN/mm 2 ; Tg: Fmaxϭ30.45Ϯ0.97 mN/mm 2 ; Figure 4B ). In addition, Tg myofilaments are less sensitive to Ca 2ϩ than Ntg (Ntgϩ NEM-S1: pCa 50 ϭ5.95Ϯ0.013; TgϩNEM-S1: pCa 50 ϭ5.78Ϯ 0.009; PϽ0.05). At low Ca 2ϩ values (pCa 6.5), NEM-S1 induces activation of the thin filament to a greater extent in Ntg than in Tg myofilaments (NtgϩNEM-S1: 3.18Ϯ1.3; TgϩNEM-S1: 1.68Ϯ0.81; PϽ0.0001; Figure 4C ). Although decreased in both cases, the Hill coefficient remained significantly different (PϽ0.05): n H ϭ3.17Ϯ0.06 for NtgϩNEM-S1 versus n H ϭ3.98Ϯ0.17 for TgϩNEM-S1.
Altered Thermal Stability and Actin Binding of TPM1
To investigate whether the physiological alterations in TPM1 Tg hearts are due to an altered protein structure, we used circular dichroism to study the thermal stability of recombinant TPM1 protein. Results show a decreased TPM1 homodimer stability compared with TPM1␣ at temperatures Ͼ37°C, which may influence actin binding and myofilament Ca 2ϩ sensitivity ( Figure 5A ). We conducted a series of cosedimentation assays to assess the ability of TM to bind actin. Results show that the binding of TPM1 protein to actin was barely detectable with a much weaker affinity than TPM1␣ ( Figure 5B ). This result is in agreement with previous observations using unacetylated recombinant TMs. 17 The addition of human cardiac troponin dramatically increased the actin-binding affinity of TPM1 protein ( Figure 5C ), which agrees with previous observations that troponin increases the affinity of TM for actin. 18 The dependence of TPM1 on troponin for binding to actin and its increased expression in failing hearts suggest that the TM isoform switch is commensurate with the isoform switch of troponin T that occurs in HF.
Discussion
In this study, we report for the first time that the normal adult human heart expresses TPM1␣, TPM1, and ␤-TM proteins and that the TPM1 level is differentially regulated in cardiomyopathy patients. Previous results have demonstrated there are functional differences among various striated muscle TM isoforms 19, 20 ; our results provide insight into the structure-function relations of TPM1 and its influence on cardiac function. Cardiac-specific overexpression of ␤-TM leads to a phenotype with diastolic dysfunction and increased myofilament calcium sensitivity. 15, 20 Overexpression of ␥-TM leads to a hyperdynamic effect on systolic and diastolic function but decreased myofilament calcium sensitivity without any morphological abnormalities in the heart. 21 Interestingly, TPM1 mouse hearts elicit functional properties that are a combination of ␤-TM and ␥-TM isoforms: systolic and diastolic impairment coupled with a decrease in myofilament calcium sensitivity. This physiological profile is similar to the ␣-TM E54K mouse model that causes DCM 14 ; the TPM1 Tg hearts also exhibit a dilated cardiac chamber phenotype.
The relative amounts of the different TM isoforms that are expressed in a muscle cell are characteristic of the species, muscle fiber type, stage of development, and other factors. 22 Exons 2a and 2b of the TPM1 gene are spliced in a mutually exclusive manner with exon 2b being the default exon in the mRNA of most cell types; exon 2a had previously been restricted to smooth muscle TM. 6, 7 That TPM1, a striated muscle TM that includes exon 2a, is incorporated into the sarcomere is a novel finding. The significance of this TM region (amino acids 41 to 80) is illustrated by the occurrence of various cardiomyopathies in humans, with mutations found in exon 2b leading to familial hypertrophic cardiomyopathy (Glu62Gln, Ala63Val, and Lys70Thr) and DCM (Glu40Lys and Glu54Lys). 9,14 Furthermore, both DCM mutations and a familial hypertrophic cardiomyopathy mutation (Glu62Gln) found in exon 2b have conserved amino acids in the same positions in exon 2a. Hence, the potential of the TPM1 isoform replacing the TPM1␣ isoform containing mutant exon 2b in such cardiomyopathic conditions may be critical.
An intriguing question is why high levels of TPM1 mRNA are present in adult human hearts when the protein levels are low. Similar discordant mRNA and protein levels were previously found with ␣-MHC expression in human ventricles. 23, 24 Possible explanations for this mismatch between mRNA and protein levels may be associated with translational regulation or the involvement of micro-RNAs. 25 Our results demonstrate that the TPM1 protein affects tension developed at submaximal Ca 2ϩ concentrations, the level at which normal heart function occurs, without altering maximum tension. The decreased binding affinity of TPM1 to actin in the absence of troponin may contribute to the 
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decrease in myofilament Ca 2ϩ sensitivity. Substitution of exon 2a for 2b, which happens with TPM1, may alter the propagation of force through the myofilament. Interestingly, with DCM TM mutations that occur in exon 2b, the same region of the TM protein, myofilaments also exhibit decreased sensitivity to Ca 2ϩ . 14, 26 In fact, TPM1 expression is increased in human patients with DCM and HF. Although the properties of the DCM ␣-TM E54K and TPM1 isoforms are similar in decreasing myofilament Ca 2ϩ sensitivity, the novel TM isoform does not affect maximum tension ( Figure 4A ), which contrasts with the E54K mutation. 14 This difference in tension development could be due to structural effects of the E54K mutation/TPM1 isoform. Previous studies demonstrate that TM mutations can result in structural alterations that affect TM stability 27 and binding to actin, 17, 28 which can influence myofilament function. With TPM1, saturation of troponin C with high Ca 2ϩ concentrations is able to fully activate the myofilaments.
Our evidence points to a mechanism in which thin filaments regulated by TPM1 demonstrate reduced activation by both Ca 2ϩ and strong crossbridges in the form of NEM-S1. The steeper dependence of force on Ca 2ϩ in the Tg fibers indicates a greater reliance on crossbridge-dependent activation, a process of higher cooperativity in the face of little change in Ca 2ϩ binding, a relatively noncooperative process. Evidence that crossbridge-dependent activation is blunted in the Tg fibers comes from our data of thin filament activation at low Ca 2ϩ ( Figure 4C ). The data show that induction of force at or near relaxing levels of free Ca 2ϩ was greater in Ntg than in Tg fibers. This effect is likely due to lower stability and weaker actin-binding affinity of TPM1 compared with TPM1␣.
TM is an ␣-helical, coiled-coil dimer characterized by a heptapeptide repeat motif (a-b-c-d-e-f-g) in which residues in the hydrophobic core positions a and d are the primary determinants of folding and stability. 29 The difference between TPM1 and TPM1␣ is a stretch of 40 amino acids encoded by exon 2a/b, which contains a number of substituted residues (26 of 40 amino acid differences). Alanine residues in TPM1␣ promote flexibility in the helical structure and enhance binding to actin. 30 Replacement of these interface alanines with other residues would be expected to decrease actin affinity as a result of localized helix stabilization and loss of flexibility. Structural modeling of the TPM1 isoform reveals several regions where substituted amino acids are likely to decrease the overall stability of the TPM1 coiled-coil dimer, as well as a few potentially stabilizing substitutions ( Figure 6 and Table V of the online-only Data Supplement). The destabilizing substitutions include several residues located in the hydrophobic central region of the coiled-coil (the a and d positions, including L43I, L46K, T53S, L57R, and Y60V) that lose well-packed hydrophobic interactions in the TPM1 isoform (Table V of the onlineonly Data Supplement). In addition, there are a few destabilizing substitutions in the e and g positions that typically form polar or salt-bridge interactions; these include K49L, A63E, Q68E, and K70S. The few substitutions predicted to stabilize the dimer (Q47E, S61L, and K77A) occur in the e or g position. Substitutions on the outer surface of the TPM1 dimer (positions b, c, and f) are not involved in the dimer interface but could have direct effects on the interaction with actin or troponin. There are also a few differences in predicted stability between the TPM1/TPM1 (least probable in vivo dimer) and the TPM1/TPM1␣ isoforms (most probable in vivo dimer). For example, the Q47E substitution is predicted to stabilize the homodimer / isoform through the addition of a salt bridge with L46K from the opposing helix, but this salt bridge would not form in the heterodimer /␣ isoform. Thus, the variation in amino acid sequence between exons 2a and 2b may contribute to differences in thermal denaturation and actin binding of TPM1 compared with TPM1␣.
What is the biological significance for expressing the TPM1 isoform? In terminally differentiated cells such as cardiomyocytes, there is a need for adaptation to changing environments. Increasing protein isoform diversity through processes such as alterative splicing meets this need. The TPM1 isoform, 1 of 10 distinct products of the TPM1 gene, provides the opportunity to modulate sarcomeric performance during changing conditions such as exercise, stress, or cardiac disease. Several studies reported that during end-stage HF, the contractile apparatus is characterized by an increased Ca 2ϩ sensitivity. 5, 31, 32 That TPM1 compensates by decreasing calcium sensitivity without affecting maximum tension is logical for patients exhibiting chronic DCM. Although the increased level of TPM1 is low compared with the total TM, the relative percentage of TPM1 increase is significant. In addition, there is a possibility of a regional distribution of TPM1 expression within the heart to match the functional demands of a specific region. Similar regional preference of ␤-MHC isoform expression compared with ␣-MHC was previously demonstrated to improve cardiac function. 33 The fact that human patients with chronic DCM and HF symptoms exhibit a cardiac pathology and physiology similar to TPM1 Tg mice is striking considering the small but significant increase in TPM1 protein levels in these patients. We speculate that during normal cardiac function, the low levels of TPM1 (which confers decreased myofilament Ca 2ϩ sensitivity) are offset by the low levels of ␤-TM (which confers increased Ca 2ϩ sensitivity). Recent studies found that normalization of myofilament calcium sensitivity can rescue mice exhibiting cardiac hypertrophy. 34, 35 In DCM and HF patients, there is decreased cardiac performance, which correlates with increased TPM1 levels; whether this increased expression is the cause or a consequence of the DCM/HF phenotype remains to be determined. 
CLINICAL PERSPECTIVE
Understanding the function of tropomyosin (TM) is important from a clinical perspective because mutations in the protein can result in familial hypertrophic cardiomyopathy and dilated cardiomyopathy. Four TM genes have been identified, each of which undergoes differential promoter usage and alternative splicing to generate multiple isoforms. In the heart, TM is an essential sarcomeric protein that controls calcium-regulated muscle contraction. Although much is known about TM, little is known about its expression in human hearts. In this study, we determine and quantify the expression levels of striated muscle TM isoforms in the human heart, including a novel TM isoform called TPM1. Our data show that TPM1 is incorporated into cardiac myofilaments, and its level increases by 100% during human dilated cardiomyopathy and heart failure. We also develop a mouse model to understand the physiological function of TPM1. Because there is 100% amino acid sequence identity between human and mouse TM, these studies have direct relevance to TM function. Our mouse model shows that increased expression of TPM1 results in increased end-systolic and end-diastolic left ventricular dimensions, similar to patients with dilated cardiomyopathy. Physiological assessment of the hearts from our mouse model show decreased fractional shortening, systolic and diastolic dysfunction, and decreased myofilament calcium sensitivity, which is similar to patients with heart disease. These studies provide a possible mechanism for the clinical features that are observed in dilated cardiomyopathy and heart failure patients.
Histopathological analyses
Mouse hearts (lines 72 and 80) at different ages (3, 6 and 12 month-old) and both the sexes were analyzed (n=3 for Tg and Ntg for each time point). Heart weight-to-body weight ratios were calculated to determine if cardiac hypertrophy occurred. For histological analyses, hearts were fixed in 10% neutral buffered formalin for 48 hrs.
The hearts were dehydrated through a gradient of alcohols and xylene, followed by embedding in paraffin.
Step-serial sections (5 µm) were taken from the hearts and stained with hematoxylin/eosin or Masson's trichrome. An expert, who was blinded to genotype, evaluated the presence of necrosis, fibrosis, myocyte disarray and calcification. Immunohistochemical analyses were performed in paraffin-embedded tissue sections by indirect immunostaining using the TPM1κ antibody diluted at 1:200 and incubating at 37 o C for 1 hr. The gene specific primer used for the first strand cDNA synthesis of the striated TPM1 mRNA was a reverse primer located at the stop codon of the TPM1 mRNA with the following sequence: 5'-ATGGAAGTCATATCGTTGAGAGCGTG -3'.
Quantitative real-time RT-PCR analyses
Echocardiography
Mice (two and five month-old) were anesthetized with isoflurane in 100% oxygen by face mask using the minimum concentration of isoflurane to suppress podal reflex (0.5-1.5%). Body temperature was monitored with a rectal thermometer and maintained at 36-37 o C with a heating pad and lamp. The heart rate and ECG were continuously monitored. To obtain venous access for IV infusion of dobutamine, the right femoral vein was 4 performed according to the American Society of Echocardiography guidelines. 5, 6 Data analysis was performed offline with the Vevo 770 Analytic Software.
Isolated anterograde perfused heart preparation
Five month-old Tg mice along with the age matched Ntg littermate controls were used. Control and transgenic (moderate copy, line 80 and high copy, line 72) mice were anesthetized through intraperitoneal injection with 100 mg/kg sodium pentobarbital and 1.5U heparin to prevent intracoronary micro thrombi. Anterograde workperforming perfusion was initiated at a workload of 250 mmHg mL/min as described. 7 Heart rate (HR), left ventricular pressure (LVP), and the mean coronary perfusion pressure were continuously monitored. The pressure curve was used to calculate the rate of pressure development (+dP/dt) and decline (-dP/dt), time to peak pressure (TPP) and time to half relaxation (RT½) using the software "Origin" (Ver. 4.0, Microcal Software, Inc). Isoproterenol was added to the perfusion fluid close to the heart at increasing concentrations (8x10 -11 to 8x10 -7 M) with a multispeed, microperfusion pump (model 600, Harvard Apparatus). Individual points were recorded and summarized as means ± SD.
Measurements of Ca 2+ -dependent activation of force
Fiber bundles dissected from papillary muscles of five month-old Ntg and TPM1κ Tg hearts (line 72) were detergent-extracted (skinned) in high relaxing (HR) buffer containing 1% Triton X-100. HR buffer contained 10 mM EGTA, 41.89 mM potassium propionate, 100 mM BES, 6.75 mM MgCl 2 , 6.22 mM Na 2 ATP, 10 mM creatine phosphate and 5 mM sodium azide. The skinned fiber bundles were mounted between a force transducer and micromanipulator with cellulose-acetate glue. The sarcomere length was adjusted at 2.0 µm using laser diffraction patterns and isometric tension was recorded on a chart recorder. 8 Initially, the myofilaments were incubated in HR and then were subjected to sequential pCa solutions (8.0 -4.5). Myosin S1
(6 µm), isolated from rabbit fast skeletal muscle and modified with N-ethylmaleimide (NEM), was then added to the HR bath and the skinned fiber bundles were incubated for 15 min. 9 After incubation, another round of pCa activation was performed. Solutions of varying pCa values were prepared by mixing HR with HR at pCa 4.5.
The following protease inhibitors were added to all solutions: pepstatin A (2.5 µg/ml), leupeptin (1 µg/ml), and phenylmethysulfonyl floride (PMSF) (50 µmol/L). All experiments were carried out at 22 o C, and data are presented as means ± SD.
Bacterial recombinant protein expression
Both TPM1α and TPM1κ cDNA constructs were designed to include an N-terminal Ala-Ser dipeptide, added to functionally compensate for lack of acetylation of bacterially expressed tropomyosin. 10 The recombinant tropomyosin was expressed and purified using the Champion pET SUMO Expression System (Invitrogen). In brief, the cDNA constructs were cloned into pET SUMO vector and transformed into chemically competent 
Circular dichroism measurements
Thermal stability measurements were made by following the ellipticity (θ) of TM at 222 nm as a function of temperature, beginning at 5°C in 0.5 mol/L NaCl, 10 mmol/L sodium phosphate pH 7.5, 1 mmol/L EDTA, and 0.5 mmol/L DTT using an Aviv model 215 spectropolarimeter. Data were obtained at 2°C intervals with a protein concentration of 3 μmol/L. The apparent melting temperature and the thermodynamic parameters for TM unfolding were calculated based on the assumption that the unfolding could be fit by up to three independent helix-coil transitions with dissociation accompanying the helix-coil transition at the highest temperature, as previously described.
6
Actin-binding assay
To determine if there are biochemical differences between TPM1κ and TPM1α proteins, we conducted in vitro actin-binding analysis as previously described. 12 In brief, 5 μM of cardiac F-actin was mixed with 8 different concentrations of recombinant TM protein, namely 0, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3 μM in a reaction buffer containing 200 mM NaCl, 10 mM Tris-Cl (pH 7.5), 2 mM MgCl 2 and 0.5 mM DTT. The reaction mixtures were incubated for 60 min at room temperature, followed by ultracentrifugation at 95,000 g, and the pellet compositions were then analyzed on 10% SDS-polyacrylamide gels stained with Coomassie Blue. To monitor the influence of troponin on the actin-binding, the cosedimentation experiments were also repeated with the addition of 2 μM human cardiac troponin complex (troponin C, troponin I and troponin T) in the reaction buffer.
Structural modeling and analysis
Structural models of TPM1 κ/κ and κ/α isoforms were built using the crystal structure of TPM1 α/α (protein data bank entry: 1IC2) as a template. 13 The 1IC2 structure contains residues 1-79 for chain A and 1-77 for chain B. To create the κ isoform, substitutions were introduced using the mutagenesis wizard in the program Pymol, and choosing rotamers that maintained interhelical contacts while minimizing steric clashes. Energetic analysis was carried out using the FoldX server. 
c a Residues identical in the α and κ isoforms are shown by a dash after the residue number. b "Position" refers to the location in the leucine zipper coiled-coil motif; a and d are interface residues; e and g are outer residues that may interact across the coiled coil; b, c, and f are on the far side from the coiled-coil interface. c FoldX ΔΔG refers to the predicted stability of the κ/κ coiled coil relative to the α/α coiled coil. The symbols and colors indicate the degree of destabilization (yellow/orange) or stabilization (blue) relative to α/α. 
Supplemental Figure Legend
Western blots of recombinant TM isoforms using striated muscle TM-specific antibody (CH1) (upper panel) and a TPM1κ specific antibody (lower panel). The mobility of β-TM and TPM1κ is switched in the presence and absence of SDS in the gel. The above supplemental figure shows separation on a custom made 10% SDS-PAGE (TPM1κ is higher than β-TM). Figures 1B and C of the manuscript show TM isoform separation using BIORAD's 10% Criterion Tris-HCl precast gel (without SDS) (β-TM is higher than TPM1κ.
